The role of small intestinal proteo-icy seems to play an important role. However, inclicalytic activity in the regulation of upper gastrointestinal function in humans is poorly understood. The aim of this study was to determine the importance of proteolytic ac tivity for protein-or amino acid-induced cholecystokinin release and pancreaticobiliary secretion. Methods: In 9 healthy subjects, saline was perfused intraduodenally for 3 hours either with or without the synthetic protease inhibitor camostate. During the last hour, albumin or amino acids in the same molecular composition as albu min were also perfused. Results: Perfusion with camos-
Background & Aims:
The role of small intestinal proteo-icy seems to play an important role. However, inclicalytic activity in the regulation of upper gastrointestinal function in humans is poorly understood. The aim of this study was to determine the importance of proteolytic ac tivity for protein-or amino acid-induced cholecystokinin release and pancreaticobiliary secretion. Methods: In 9 healthy subjects, saline was perfused intraduodenally for 3 hours either with or without the synthetic protease inhibitor camostate. During the last hour, albumin or amino acids in the same molecular composition as albu min were also perfused. Results The aim of the present study was to investigate the importance of protease activity in the regulation of choletate, in concentrations that abolished intraduodenal pro-cystokinin (CCK) release, gallbladder contraction, and teolytic activity, had no effect on unstimulated plasma pancreatic exocrine secretion under both basal conditions cholecystokinin concentrations or gallbladder emptying, and during stimulation w ith protein (album in) or an but markedly ( P < 0.05) increased unstimulated pancre-amino acid mixture. For this purpose, protease activity atic enzyme output. Perfusion with protein distinctly stim-¡n the lumen of the small intestine was inactivated in ulated cholecystokinin release, gallbladder emptying, and pancreatic enzyme output (P < 0.05). Perfusion with ca mostate resulted in significantly lower protein-stimulated plasma cholecystokinin, gallbladder, and pancreatic en zyme responses (P < 0.05). Perfusion with amino acids also stimulated plasma cholecystokinin, gallbladder emp tying, and pancreatic enzyme output (P < 0.05). Camos tate did not inhibit these values. Conclusions: This study shows that appropriate digestion of protein is required to stimulate plasma cholecystokinin release, gallbladder emptying, and pancreatic enzyme secretion in humans. 
Study Protocol
After a 12-hour fast, the volunteers presented at the laboratory at 7:30 AM. In random order, 4 experiments were performed separated from each other by at least 1 week. A triple-lumen polyvinyl tube with an outer diameter of 5.7 mm was positioned under fluoroscopic control with the proximal lumen in the stomach, the middle lumen at the level of the ampulla of Vater, and the distal lumen at the ligament of Treitz. In addition, an indwelling intravenous catheter was placed in a forearm for the collection of blood samples. After an equilibration period of at least 30 minutes, the following tests were performed. Study 1. In 9 subjects, polyethylene glycol 4000 (0.6 g/100 mL saline) was perfused through the middle opening of the tube at a rate of 5 mL/min during the entire 3-hour study period. Camostate (0.6 g/h) was added to this solution during the last 2 hours of the test. During the last hour of the test, albumin (15 g/h, 330 mosmol/L) was also perfused intraduode nally through the middle opening of the tube (Figure 1 ). Study 2. The protocol of study 2 was comparable with that of study 1; however, in this experiment, 15 g of albumin without camostate was perfused intraduodenally in the 9 sub jects during the last hour of the test (Figure 1 In study 1 (9 subjects), saline (300 mL/h) was continuously perfused Intraduodenally with the recovery marker polyethylene glycol 4000 (1.8 g/h) for 3 hburs. During the last 2 hours of the test, the protease inhibitor camostate (0.6 g/h) was added to saline, whereas albumin (15 g) was added to saline during the last test hour. In study 2 (9 subjects), albumin was perfused during the last test hour without camostate. In studies 3 and 4 (6 subjects), the same experiments as in studies 1 and 2 were performed. However, instead of albumin, amino acids were perfused. Asterisks denote time points when blood was drawn and ultrasonography was performed. Duodenal juice was collected during each 15-minute period by spot sampling, Study 3. The protocol of study 3 was also comparable with that of study 1; however, instead of albumin, 15 g of an L-amino acid solution (330 mosmol/L) in the same molecular composition as in albumin (Table 1 ) was perfused intraduode nally in 6 of the 9 subjects (6 men; 24 ± 1 years of age) during the last hour of the test (Figure 1 ). Study 4. The protocol of study 4 was comparable with that of study 3 but, in this experiment, 15 g of the L-amino acid mixture without camostate was perfused intraduodenally in the 6 subjects of study 3 during the last hour of the test ( Figure I) .
In all tests, gastric acid was continuously drained through the proximal opening of the tube by intermittent negative pressure.
Five-milliliter samples of duodenal contents were taken dur ing 15-minute periods from the cip of the tube by spot sam pling14 and kept on ice. Blood samples were taken every 30 minutes during the first hour and subsequently every 15 min utes until the end of the test period ( Figure 1 ).
Blood was collected in ice-chilled glass tubes containing 2 g/L of ethylenediaminetetraacedc acid. After the experiments were performed, the blood samples were centrifuged at 4°C for 10 minutes at 3000g, Plasma and duodenal samples were stored at -20°C until assayed for CCK, pancreatic polypeptide, or polyethylene gly col 4000, bilirubin, amylase, trypsin, and chymotrypsin. Each time a blood sample was drawn, two longitudinal and two transverse images of the gallbladder were obtained by real time ultrasonography.
To determine if camostate affects amylase concentrations in vitro, 4 mL of duodenal juice obtained in 5 subjects during amino acid perfusion was divided into 2 samples of 2 mL each and incubated at 37°C for 30 minutes with or without 2 mg/mL of camostate. Subsequently, the samples were put on ice for another 60 minutes and frozen until assayed for amylase activity.
Plasma Samples
Plasma CCK was measured by a sensitive and specific
Statistical Analysis
All measurements were performed in duplicate, and radioimmunoassay as described previously. 15, 16 The antibody the mean of these two measurements was used for further used (T204) binds to biologically active CCK peptides con-analysis of results. Gallbladder volume was expressed in millilitaining the sulfated tyrosine region with almost equal affinity.
ters. Integrated plasma CCK, pancreatic polypeptide, and gall on a molar base, sulfated gastrins cross-reacted <2% in the bladder responses were determined by calculating the area assay, whereas no cross-reactivity with unsulfated gastrins or under the CCK, pancreatic polypeptide, or gallbladder contracstructurally unrelated peptides was found. The detection limit tion time curves. Subsequently, incremental CCK, pancreatic of the assay was between 0.5 and 1.0 pmol/L CCK in plasma.
polypeptide, and gallbladder responses to the various stimu-The intra-assay precision ranged from 4.6% to 11.5% in the lants were calculated by subtracting the integrated response steep part of the standard curve. All measurements of plasma in the basal period (0-60 minutes) from the integrated re-CCK levels were performed in the same run.
Plasma pancreatic polypeptide levels were also determined by radioimmunoassay. 1 7 The antibody used showed no cross-sponse in the period of stimulation (60-120 minutes) in each experiment. Similarly, incremental bilirubin, amylase, and trypsin outputs were calculated by subtraction of the total reactivity with structurally related gastrointestinal regulatory output in the basal period (0-60 minutes) from the total peptides, such as peptide YY or neuropeptide Y, or with struc-output in the period of stimulation (60-120 minutes). rurally unrelated peptides. The detection limit of the assay Results are expressed as mean ± SEM. Statistical analysis was 0.5 pmol/L of incubation mixture. The intra-assay varia-was performed by two-way analysis of variance (trypsin output tion ranged from 4% to 7% in the steep part of the standard after logarithmical transformation) and subsequently by least curve. All measurements of plasma pancreatic polypeptide lev-significant difference test or by Student's t test for paired re els were performed in one run.
Duodenal Samples
Duodenal samples were analyzed for polyethylene glycol 4000,IH bilirubin,19 amylase activity,20 and trypsin concentra tions. Trypsin concentrations in the duodenal samples were mea sured by a commercially available radioimmunoassay kit,2 1 For measurement of trypsin concentrations, the duodenal samples were diluted with assay buffer finally containing 2 mg/L of camostate. Camostate did not displace radiolabeled trypsin from the antibody, and the addition of camostate to the standard trypsin solution resulted in an identical standard curve as with-0,3 pmol/L) and pancreatic polypeptide (20 ± 3 pmol/ out camostate (data not shown). Flow rates passing the distal L) levels ( Table 2 ). Both the albumin and amino acicl suits. When appropriate, the method of Bonferroni was used to correct for multiple testing. Differences with a two-tailed P value of <0.05 were considered significant. (Table 3) .
Results

Plasma Concentrations of CCK and Pancreatic Polypeptide
Incremental CCK and pancreatic polypeptide values in cording to the procedure from the manufacturer (Analytica bv; the amino acid experiments were higher than in the Rijswijk, The Netherlands), Ninhydrin reagent was used, and albumin experiment, but in the case of CCK, this differthe ninhydrin-amino acid adduct was quantified with an ab-ence failed to reach statistical significance, sorbance detector (Uvis 205; Lineair, Analytica bv, Rijswijk, The Netherlands). Table  Perfusion of albumin or amino acids with-B; Toshiba, Tokyo, Japan) using a 3.75-MHz transducer.25 '26 out camostate induced a statistically significant decrease Gallbladder volume was calculated from these images by the of gallbladder volume (P < 0.001) that was accompanied sum of cylinders method using a computer system. 27 The varia tion of volume measurements ranged from 6% to 22%.
Gallbladder Volume and Bilirubin Output
Gallbladder Ultrasonography
by a significant (P < 0.05) increase of bilirubin output into the duodenum (Figures 4 and 5) . Camostate com-570 THIMISTER ET AL.
GASTROENTEROLOGY Vol. 110, No. 2 pletely inhibited incremental gallbladder contraction and bilirubin output in response to albumin (P < 0.05) but not to amino acids (Table 3) . Gallbladder and bilirubin responses to amino acids with and without camostate were higher than those to albumin with and without camostate, but in the case of bilirubin output, this differ ence failed to reach statistical significance.
Pancreatic Enzyme Output
Perfusion of camostate markedly (P < 0.05) in creased basal trypsin and amylase output when compared with saline ( Figure 6 and Table 2 ). In the albumin experi ments, camostate significantly (P < 0.05) inhibited in cremental trypsin output and reduced incremental amy lase output when compared with albumin perfusion alone (Table 3) . Incremental trypsin and amylase outputs dur ing perfusion of amino acids were not influenced by camostate. almost no free amino acids were present (P < 0.001 for all amino acids measured; Table 4 ). The present findings, together with the report that lipolysis is essential to stimulate CCK release and gall bladder contraction in humans,28 provide an explanation for our findings in patients with exocrine pancreatic in sufficiency in which impaired postprandial release of CCK and gallbladder motility are restored by supple mentation of pancreatic enzymes. 44 The present data also provide an explanation for our experiences in patients with celiac disease and a flat jejunal mucosa in which CCK release and gallbladder contraction are also im paired in response to an ordinary meal but not to a predigested meal." 15, 46 In conclusion, the present study shows that intraduodenal stimulation of CCK release, gallbladder contrac tion, and pancreatic enzyme secretion is dependent on digestion of protein. Undigested protein only weakly stimulates pancreatic enzyme output and does not sig nificantly stimulate CCK release and gallbladder contrac tion, whereas digested protein markedly stimulates the release of CCK, gallbladder contraction, and pancreatic enzyme output.
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